A first order rarefied aerodynamics technique, originally developed by Kotov and extended by Knox and Jain, was selected for predicting aerodynamic characteristics in rarefied flow. Modifications to the Knox procedure were performed, based on a parametric experimental drag study for slender cones. The wall to stagnation temperature ratio (Tw/To) influence in the shear bridging function was modified to significantly improve the viscous drag component of the slender cones compared to test results. The techniques overall accuracy was evaluated by comparing predicted results to a limited number of rarefied flow flight and ground test experiments. The flight results were for two slender cone reentry experiments. Low density wind tunnel test results were performed at Oxford, Berkeley, DFVLR and AEDC for sharp-blunted cones, and forebody-cylinder shapes. Evaluation of the modified Kotov method has shown significant differences in accuracy for the range of configurations and free stream conditions investigated.
INTRODUCTION
Aerodynamic characteristics spanning the entire flow spectrum from continuum to free molecule were required to support missile tracking analysis for various configurations and arbitrary angle of attack over a wide range of Mach numbers. Considering the range of parameters involved, a rigorous analysis such as employing the Direct Simulation Monte Carlo (DSMC) code for rarefied flow conditions was not feasible. A Local Bridging Method by Potter 1 , using similarity correlations for local pressure and shear stress distributions developed from DSMC flow fields over spheres, was initially considered. The reference DSMC data was obtained at high speeds, typically M^ > 20; raising the concern of applicability to the present problems for M^ < 10. DSMC results by Chrusciel 2 for sharp cones over a Moo range of 9-25 indicated the shear stress was not correlated by hypersonic similarity parameters independent of Mach number. Consequently, the Local Bridging Method was not considered appropriate for this application. Knox and Jain 3 have extended a bridging method originally developed by Kotov 4 , which used theoretical and experimental data for correlation of the local pressure, shear stress, and heating rates over two and three dimensional shapes. Correlation functions included the following parameters: Mach number; Reynolds number; wall temperature; and surface angle inclined to the flow. Comparisons of the bridging procedure with existing DSMC results (M^ > 16) for spheres, flat plates, blunt cones, Shuttle Orbiter, and the AFE lifting vehicle were evaluated by Knox and Jain. Comparisons of results from the corrected bridging method showed remarkable agreement with the high Mach number DSMC calculations, lending confidence to the method.
Evaluation of the extended Kotov expressions for rarefied flow application at supersonic to hypersonic speeds was the subject of this study.
APPROACH
Initial evaluation of the technique was performed using the parametric experimental axial force coefficient (CA) results of Dahlen 5 . Tests were performed at M^ = 5.5 using a magnetic balance to resolve drag of sharp cones varying from cone angles (9c) 3-15 deg at wall temperature to free stream stagnation temperature ratios (Tw/To) ranging from 0.18 -1.0. An independent evaluation of the viscous induced pressure was provided by the correlation given by Chrusciel 6 , shown in Fig. 1 . Results of applying the viscous shock Navier Stokes solution results of Shorenstein's 7 analysis and experimental data by Horstman and Hoffland 9 for sharp slender cones are included in the correlation. Examining the pressure (CAP) and shear stress (CAS) contributions to total axial force coefficient (CA) determined from the Kotov approach, it became obvious that the temperature ratio influence on the shear contribution was significantly overpredicted. This was illustrated by comparing the ratio of shear axial force coefficient to the corresponding free molecular value (CAS/CASFM) of the Kotov method (Fig. 2) with the results for the shear ratio shown on Fig.3 of Dahlen's test data, obtained from extraction of the pressure contribution using results of Fig. 1 . Substantial differences in the effects of cone angle and temperature ratio effects on the shear ratio were obvious in the Kotov predictions compared to the relatively minor effect of these parameters in the inferred test data. Considering the relatively minor effect of temperature ratio exhibited on the sharp cone shear stress DSMC results 2 , the shear stress equations of Knox & Jain were modified to reduce this contribution. CAP contributions from Kotov predictions were significantly greater than results obtained from Fig. 1 ; however, this contribution to total CA was considerably lower than the shear component, particularly for the shallower cone angles.
The resulting expressions were incorporated in a code using local surface slopes for determining the continuum and free molecule pressure and shear coefficients, and designated as the Modified Kotov Method in this study.
Modified Kotov Method Expressions
Modifications were performed to parameters required to determine the shear stress coefficient C f of the Kotov method of Knox and Jain Increments in total CA due to temperature ratio effects ( viscous induced pressure contribution) appear to agree well with the 3-15° cone data of Figs. 5-6. Results of Legge ( Fig. 6 ) do not show a temperature effect; however, the data was obtained in a non-uniform free stream emanating from an orifice, and corrections were applied by Legge to compensate for this effect. Consequently, this data set has additional uncertainties related to accuracy of the experimental technique. Experimental uncertainties of Dahlen's CA results using the magnetic balance were not available. Maximum errors in predicted total axial force coefficient relative to test data, evaluated for cone angles 3 to!5 deg, varied from 53-22 % for the original and 41-7% for the modified Kotov methods. 
Slender Bi-Conic Flight Data
Flight test results for a slender spherically blunted bi-conic configuration with multi-range gyros and accelerometers ranged to provide data in the near free molecule to continuum regime were compared to modified Kotov predictions during the initial angle of attack convergence period. Flight data was obtained over the angle of attack (a) range 55 to 15 deg; 1VL ranged from 19 to 25, which spanned a Knudsen number range Kn = 10 to 0.196. Comparisons to flight derived center of pressure, normal force and axial force coefficients were normalized by the corresponding free molecule values.
Good agreement with axial force coefficient CA ratio is demonstrated in Fig. 7 over the a range for the modified Kotov method. The Kotov predicted normal force coefficient ratio shown in Fig. 8 agrees well with flight for a = 50 -55 deg; and falls somewhat below flight results for a < 50 deg. The flight results show CN at or above the free molecule limit for a < 50 deg; DSMC analysis failed to produce this behavior, suggesting possibility of a gas-surface interaction different from the full diffuse reflection prescribed in the DSMC calculations. Center of Pressure normalized by total length (XCP/L) results are compared in Fig. 9 ; excellent agreement is demonstrated for the Kotov method for a > 15 deg. The range of errors for the modified Kotov predictions relative to flight data over the a range varied from 3-15 % in CA, 2-20% in CN, and 0-3% in XCP/L.
Sharp Non Ablating Cone Flight Data
Flight results for an essentially sharp slender non-ablating cone were obtained using multi-range accelerometers; Robin spheres provided free stream density. An attitude control system provided essentially zero angle of attack conditions during the interval of interest in the trajectory, which spanned a Knudsen number range Kn = 0.0925 to 2.15E-5, with M^ varying from 24 to 21. An average value of 0.024 was considered for the wall to stagnation temperature ratio.
Comparison of total axial force coefficient normalized by the free molecular value as a function of Knudsen number is shown in Fig 10. The modified Kotov predictions are in reasonable agreement for Kn < 0.001; the comparisons indicate a consistently lower result than the test data, with the disagreement increasing with larger Kn. Boundary layer transition initiates at a value of Kn = 2E-5, indicated by the change in slope of CA/ CAFM vs Kn. The errors in predicted CA varied from approximately -25% at high Kn to -10% at low Kn. 
Kn«o, Knudsen Number

Blunted Cone Wind Tunnel Data
A 9 deg blunted cone (Rn/Rb = 0.3) was tested in AEDC Tunnel L at two Mach numbers, 9.37 and 10.15; the corresponding values for the viscous interaction parameter were VI = 0.16 and 0.36. Knudsen numbers were Kn = 0.0195 and 0.064 for Tw/To = 0.2 and 0.3, respectively. Data 9 was obtained over an angle of attack range from 0 to 24 deg.
Drag coefficient (CD) results are compared in Fig. 1 1 at the two test conditions; over-prediction occurs for a < 18 deg, with slight over-prediction above 20 deg for both Reynolds number conditions. Predicted lift coefficient (CL) results shown in Fig. 12 are below the test data, with trends of improved agreement at larger a. Pitch moment coefficient (measured about the nose, CLM) is shown in Fig. 13 ; excellent agreement with data is indicated. The following results provide the errors in predictions over the a range using the modified Kotov method for aerodynamic coefficients: 5-31% in CD; 3-22% in CL; 0-10% in CM. Fig. 18 for all of the force tests. CN is overpredicted with the modified Kotov method for both models, with larger differences occurring for the longer cylinder (Model B). Predictions for Model B also are above the free molecule limit, the consequence of the viscous induced pressure overshoot modeled from flat plate considerations. Pitching moment coefficient (CLM), about the moment reference point shown on the model sketches, is given in Fig.  19 . Agreement, within the data scatter, is shown for Model A; Model B predictions are slightly below the mean of data fairings, but agreement generally within the data scatter is evident. CD showed little variation over the a range; consequently, errors provided for a = 0 vary from 14-25% over the Reynolds number range for both free flight and balance tests. Errors in predicted results over the a range 4 to 8 deg for normal force coefficient (CN) varied between 25-36% for Model A and 45-58% for Model B; corresponding pitching moment coefficient (CLM) errors varied between 6-48% for Model A and 14-19% for Model B. 
